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    rate = k[A]2

An incomplete table of data for the reaction between A and B is shown 
in Table 1.

Table 1

Experiment
Initial [A]/ 
mol dm–3

Initial [B]/ 
mol dm–3

Initial rate/ 
mol dm–3 s–1

1 4.2 × 10–3 2.8 × 10–3 3.3 × 10–5

2 7.9 × 10–3 2.8 × 10–3

3 5.6 × 10–3 1.8 × 10–4

(a) Use the data from Experiment 1 to calculate a value for the rate 
constant, k, at this temperature.

 Deduce the units of k. (3 marks)
(b) Use your value of k from Question (a) to complete Table 1 for the 

reaction between A and B. (If you have been unable to calculate an 
answer for Question (a), you may assume a value of 2.3. This is not 
the correct answer.) (2 marks)

(c) The reaction is zero order with respect to B.
 State the significance of this zero order for the mechanism of the 

reaction. (1 mark)

Carol’s answer to (a)

rate
[A]2

 = k = 
3.3 × 10–5

(4.2 × 10–3)2 
 = 

 3.3 × 10–5

1.764 × 10–5
 = 1.871 = 1.9

rate
[A]2

 = 
mol dm–3 s–1

(mol dm–3)2
 = 

mol dm–3 s–1

mol dm–3 × mol dm–3
 = 

s–1

mol dm–3
 

 = mol–1 dm3 s–1

K inetics is an area of physical chemistry that is concerned 
with measuring and studying the rates of chemical 
reactions under carefully controlled conditions 

(including temperature and pressure). The results of experiments 
in which the concentrations of the starting materials are varied 
can help to elucidate the mechanism of a reaction. This question 
illustrates these principles by looking at the results of some 
experiments with an unspecified reaction.

The question was taken from the A-level chemistry Kinetics, 
Equilibria and Organic Chemistry paper set in June 2015 by 
AQA, which has given permission for its use here. Responsibility 
for both answers and comments rests solely with Chemistry 
review. I recommend that you try answering the whole question 
before you look at the answers of the candidates and read the 
comments about them.

Question

Gases A and B react as shown in the following equation.

    2A(g) + B(g) → C(g) + D(g)

The initial rate of the reaction was measured in a series of experiments 
at a constant temperature. The following rate equation was determined.
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and as there is only 1 mark for each she will not gain any marks. 
She failed to square the concentration of A in experiment 2 and 
in experiment 3 she forgot to calculate the square root.

It is best to break the calculation into its separate steps, as 
Graham has done, rather than create one giant calculation to 
be evaluated at the end. Keep three or four significant figures 
throughout the calculation and only reduce to the correct 
number at the last step.

Neither Carol nor Graham have reduced their answers to 
standard form. For example Graham’s answer for experiment 3 
in standard form would be 9.8 × 10–3. This is a wise decision, 
as giving answers in standard form would create an extra step 
where an error could occur.

As the units of the answers were given in the question there 
are no marks allocated for them.

Carol’s answer to (c)

The concentration of B does not affect the rate.

Graham’s answer to (c)

B is not involved in the rate-determining step.

 ■ Carol scores 0/1
 ■ Graham scores 1/1

There are a number of possible answers to this part of the 
question. You are told that the reaction rate is zero order with 
respect to B. You are then asked: ‘What is the significance of this 
for the reaction mechanism?’

Graham has a correct answer. What Carol has said is true, 
but it is not an answer to the question. She has not mentioned 
reaction mechanism. Other possible correct answers would be:

 ■ ‘The slow (or rate-determining step) involves only A.’
 ■ ‘B is only involved after the slow step of the mechanism.’

Reaction mechanisms
The rate equation only tells us about the slow step (also known 
as the rate-determining step). In this case rate = k [A]2. This means 
that the slow step involves a collision between two A molecules.

Figure 1 shows a possible mechanism that illustrates these 
ideas. The first half of the slow step is the only thing we know. 
I have made up everything else to illustrate what is going on. 
The second step can only go as fast as the first step because it 
depends on X being formed. If there were more X, it could go 
faster. Its speed is determined by how fast the first step produces 
X. Thus the first step determines the rate: it is the rate-determining 
step. This is often called the ‘slow step’, which is not quite 
accurate. The two steps are going at the same rate. The difference 
is that the first step is going as fast as it can, while the second 
step is capable of going faster.

Graham’s answer to (a)

rate
[A]2

 = k = 
3.3 × 10–5

4.2 × 10–3)2
 = 

3.3 × 10–5

1.764 × 10–5
 = 1.871 = 1.90

rate
[A]2

 = 
mol dm–3 s–1

(mol dm–3)2
 = s–1

 ■ Carol scores 3/3
 ■ Graham scores 1/3

Carol has done the calculation correctly and has rounded 
her answer of 1.871 to give 1.9. This is the correct thing to do 
as all the data in the question was also given to two significant 
figures. She would have gained the mark even if she had left her 
answer as 1.871 as it is rare for examiners to penalise this unless 
they have made a point of asking for ‘the appropriate number of 
significant figures’ in the question. Graham, however, will lose 
a mark as although he has done an identical calculation he has 
given an answer of 1.90 as opposed to Carol’s 1.9. By putting 
a zero after the 9 he has given an answer to three significant 
figures, which in itself would have been acceptable, but he 
has done so incorrectly — 1.871 to three significant figures is 
1.87 not 1.90. For a discussion about the appropriate use of 
significant figures see Chemistry review, Vol. 26, No. 1, p. 28.

In the last part of the question Carol has correctly worked 
out the units. Have a good look at how she has done this. She 
has carefully written out the units of rate and the concentration 
of A. She then squared the units of A, after which she cancelled 
one lot of mol dm–3 and simplified her final answer. This may 
seem long winded, but it is this systematic approach that leads 
to getting the correct answer. I recommend that you adopt this 
careful method. There is no rush. In recent years I have rarely, 
if ever, seen a candidate run out of time in a chemistry exam.

Although Graham has written (mol dm–3)2 he has ignored the 
fact that the concentration was squared when he was cancelling, 
which resulted in him getting an incorrect answer.

Carol’s answer to (b)

Experiment 2:  
Initial rate = k [A]2 = 1.871 × 7.9 × 10–3 = 14.78 × 10–3

Experiment 3:  

[A]2 = 
Rate

k
 = 

1.8 × 10–4

1.871
 = 0.962 × 10–4

Graham’s answer to (b)

Experiment 2:  
Initial rate = k [A]2 = 1.871 × (7.9 × 10–3)2 = 1.871 × 62.41 × 10–6 

= 116.8 × 10–6 mol dm–3 s–1 = 120 × 10–6 mol dm–3 s–1 (to 2 sig. figs.)

Experiment 3: initial concentration of A

[A]2 = 
Rate

k
 = 

1.8 × 10–4

1.871
 

[A] =   
1.8 × 10–4

1.871
 =     9.62 × 10–5 = 0.0098 mol dm–3

 ■ Carol scores 0/2
 ■ Graham scores 2/2

Graham has the correct answer to both experiments 2 
and 3. He will gain both marks. He has set out the steps of his 
calculation clearly. Carol has made an error in both experiments 

Maurice Carmody was head of chemistry at Simon Langton 
School, Canterbury. He has published several books and written 
numerous magazine articles

Step 1    A(g)    +    A(g)                         X(g)    Slow step

Step 2    X(g)    +    B(g)                          C(g)    +    D(g)    Fast step

Figure 1
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Plants are able to provide their own source of fuel through 
photosynthesis (see Chemistry review, Vol. 23, No. 1, 
pp. 6–9), which involves the absorption of sunlight as an 

energy source to synthesise carbon-containing fuel (glucose) 
from water and carbon dioxide:

Carbon dioxide + Water → Glucose + Oxygen
  6CO2 6H2O C6H12O6 6O2  

The process has multiple steps involving the transfer of 
protons and electrons.

Photosynthesis can be broken down into two main stages. 
The first is dependent on the absorption of sunlight. The energy 
from photons absorbed by chlorophyll in photosystem II (PSII) 
causes an electron to move to an excited energy level. The 
energy absorbed from the light is used to extract protons and 
electrons from water, with the reaction taking place at the oxygen 
evolving centre (Figure 1). Oxygen is released as a product of 
this reaction and the extracted electrons are used to replace the 
excited ones that have been transported away. The transported 
electrons are further added to by more electrons that have 
become excited by light absorption at photosystem I (PSI). The 
protons extracted from the water are used to power the synthesis 
of ATP (adenosine triphosphate, a molecule used in biological 
systems to store energy). At the end of this transport chain, 
the electrons are used to reduce NADP+ (nicotine adenine 
dinucleotide phosphate, a biological reducing agent used in 
biosynthetic pathways) to NADPH, which is then used by the 
enzyme to carry out the second stage of photosynthesis. This 
part of the reaction is independent of light, and uses energy 

Fuel from 
sunshine

If harnessed effectively, the Sun has the potential to meet all our electrical energy needs. 
Unfortunately, it is not available as a constant energy source, so there needs to be an 
effective way of storing its energy until needed. Scientists have attempted to store the 
energy from sunlight by replicating the process of photosynthesis that is carried out by 
plants. Much of this work has focused on the part of photosynthesis where water is broken 
down into oxygen and protons

This column is relevant to the following A-level topics:
• enthalpy
• entropy
• Gibbs free energy
• semiconductors
• oxidation and reduction (redox reactions)

Exam links 

 energy and efficiency
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from ATP and electrons from NADPH to form sugars from water 
and carbon dioxide.

A crucial step of photosynthesis is the oxidation of water, 
affording protons, electrons and oxygen:

2H2O → O2 + 4H+ + 4e– (ΔG = +237 kJ mol–1) 

This reaction is not thermodynamically favourable, owing 
to it being energetically ‘uphill’ (i.e. not spontaneous). The 
change in Gibbs free energy (ΔG) for the reaction is +237 kJ mol–1 

(Box  1). The oxygen evolving centre is able to oxidise water 
at a high reaction rate (approximately 500 s–1), but at a low 
potential (roughly 0.18 V) using a manganese cofactor Mn4O5Ca 
(Figure 3). This low potential is a remarkable feat, as to make a 
reaction that is as thermodynamically disfavoured as this occur 
at such a rate, a significant potential would usually be needed.
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chain
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Figure 1 The light-dependent part of photosynthesis. ADP is 
adenosine diphosphate and Pi is phosphate

Figure 2 Gibbs free energy changes
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Figure 3 How the Mn4O5Ca cofactor extracts protons and electrons 
from water. S0 to S4 are the proposed intermediates within the 
catalytic cycle

Box 1 Thermodynamics

The enthalpy change (ΔH) shows how much energy is consumed or 
given out by a reaction. When a reaction has a positive ΔH value, it 
is endothermic, meaning it consumes energy from its surroundings, 
so consumes heat. A negative ΔH value shows that the reaction is 
exothermic and releases energy as heat to its surroundings.

The second law of thermodynamics states that a closed system 
will progress to a greater degree of entropy (disorder). The entropy 
change (ΔS) for a reaction can be calculated and used to predict if a 
reaction will proceed spontaneously or not. If the entropy change of 
a reaction (ΔS) is positive, it is becoming more disordered so is likely 
to proceed spontaneously. A negative value for ΔS indicates that the 
system becomes more ordered during the reaction and so is unlikely 
to proceed spontaneously.

Gibbs free energy is a thermodynamic term determined by the 
temperature, entropy and enthalpy of a system. The change in Gibbs 
free energy (ΔG) for a reaction can be determined by the following 
expression:

ΔG = ΔH – TΔS 

where T is the temperature in kelvin.
The Gibbs free energy change for a reaction can be used to predict 

how energetically favourable a reaction is. A negative ΔG value shows 
that the products of the reaction are at a lower energy than the 
reactants, so the reaction is favourable, and vice versa (Figure 2).

A reaction with a positive ΔG value, although unfavourable, can 
still occur, but energy will need to be supplied to the system if it is to 
proceed. The overall reaction of photosynthesis involves transforming 
carbon dioxide and water to glucose and oxygen:

6CO2 + 6H2O → C6H12O6 + 6O2 (ΔG = +2870 kJ mol–1)

The change in Gibbs free energy for the overall reaction is 
+2870 kJ mol–1, so it is not an energetically favourable process. The 
only reason this process can occur is because energy is supplied by 
the absorbed sunlight. 
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Early artificial photosynthesis
In 1972 it was reported that a titanium dioxide electrode 
absorbed energy when irradiated with light, and used this 
to decompose water into hydrogen and oxygen (this became 
known as the Honda–Fujishima effect). The TiO2 absorbs energy 
from the ultraviolet (UV) range of the spectrum (because 
here the wavelengths are shorter than its band gap), causing 
an electron to be excited from its valence band to a higher 
energy state in its conduction band (Figure 4). This electron 
is subsequently donated to another molecule (in this case, a 
proton), leaving an electron hole (a positive charge, h+) on the 
TiO2. This hole is able to oxidise a molecule, such as water, by 
removing an electron, replacing the one that was excited to the 
conduction band and then transferred to form hydrogen.

Two years later it was shown that a ruthenium-based dye 
could undergo changes when irradiated with light, which 
resulted in it having the potential to oxidise water by removing 
its electrons (Figure 5). Irradiation by light causes the excited 
state of the complex to form, and normally it relaxes back to its 
ground state through f luorescence. However, in the presence 
of methyl viologen (Figure 6), this fluorescence does not occur 
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Figure 4 Honda and Fujishima’s experiment demonstrated that 
TiO2 could produce oxygen and hydrogen from water
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Figure 5 The experiment with a ruthenium dye that demonstrated how light irradiation can be used to generate 
species to oxidise water
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(it is totally quenched). This is because instead of relaxing 
and giving out light, the electron that has been excited is 
transferred to a methyl viologen molecule, thereby reducing 
it. The resulting ruthenium(iii) complex is a powerful enough 
oxidising agent to oxidise water. It has a redox potential 
of E0(RuIII/II) = 1.53 V relative to a standard hydrogen 

Adenosine triphosphate (ATP)  A biological molecule used by 
cells as an energy carrier. The energy is released when ATP is 
hydrolysed to give ADP (adenosine diphosphate) and phosphate. 
This energy is used to drive unfavourable reactions. ATP is formed 
from ADP and phosphate during energy-yielding reactions, such as 
the oxidation of glucose.

Band gap  The energy gap between a solid’s conduction band and 
valence band. The wavelength needed for the photoexcitation of 
an electron in a semiconductor is equal to Planck’s constant  
(h = 6.626 × 10–34 J s) multiplied by the speed of light (c) (hc 
can be expressed as 1240 eV nm) divided by the band gap. For 
example, TiO2 has a band gap of approximately 3.2 eV, so light 
with a wavelength of 388 nm is needed, which is in the UV region 
of the spectrum.

Cofactor  An organic molecule (not a protein) or inorganic ion 
essential for the normal catalytic activity of an enzyme. 

Conduction band  A group consisting of the combined bonding 
orbitals in a solid that contain no valence electrons. This is at a 
higher energy than the valence band.

Doping  The addition of an impurity to a material in order to alter 
its chemical behaviour. The material is described as having been 
doped.

Electron hole  The lack of an electron at a position where one could 
exist in an atom or atomic lattice — in effect a position is generated 
where an electron is missing. Holes are absent electrons — they 
behave as though they were positively charged particles.

Fluorescence  Emission of light by a substance caused by excited 
electrons returning to their ground state, following absorption of 
electromagnetic radiation of a shorter wavelength (i.e. higher energy) 
than that emitted.

Photocatalyst  A substance that generates catalytic activity using 
energy absorbed from light.

Redox potential  The tendency for a chemical species to acquire or 
lose electrons and therefore be oxidised or reduced.

Semiconductor  A material or substance with electrical conductance 
properties that lie between those of a good conductor and a good 
insulator (see Chemistry Review, Vol. 26, No. 1, pp. 11–15).

Standard hydrogen electrode (SHE)  Assigned a potential of 0.00 
volts and used as a reference electrode against which other redox 
potentials are compared. 

Valence band  A group of orbitals in a solid that are considered 
to be at the same energy, containing the outer orbitals of the atom 
involved in its bonding. Orbitals contained within it can be occupied 
or unoccupied by electrons.

Glossary 

N+N+

Cl–Cl–

Figure 6 Methyl viologen dichloride (1,1’-dimethyl-4,4’-
bipyridinium dichloride, also known as paraquat dichloride) 

Photosynthesis is not a very efficient process — biomass 
production efficiency in green plants is roughly 1%
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electrode (SHE), while the reduced methyl viologen is able 
to reduce protons (H+) to hydrogen under conditions below 
pH4. However, the electron is then transferred back from the 
methyl viologen to the ruthenium complex, and the energy is 
given out as heat. 

Unfortunately these two experiments were not suitable 
systems to use for sunlight-driven water splitting, as the TiO2 

was not able to absorb enough energy from sunlight and the 
ruthenium complex reverted back to its original state too 
quickly. However, these experiments demonstrated that the 
excitation of the TiO2 band gap could split water into hydrogen 
and oxygen when supplied with a slight electrical bias, and 

that light irradiation could be used to generate species with a 
potential to oxidise water.

The challenge
Photosynthesis itself is not a very efficient process. Biomass 
production efficiency in green plants is roughly 1%, making 
it unsuitable for use as a high energy density production 
source. However, despite this we can learn much from how 
photosynthesis is achieved in nature.

For example, in plants the oxygen evolving complex is 
separated from the site of the initially produced redox pair by 
approximately 5 nm (nanometres, 10–9 m) and a free energy 
gradient, making the back transfer of electrons slow enough to 
avoid hindering the oxidation of the water.

When a semiconductor absorbs photons with an energy 
higher than its band gap, an electron in its valence band is 
excited into its conduction band. The vacancy created by the 
electron being excited to the conduction band leaves a hole in 
the valence band. The excited electrons and holes are able to 
reduce and oxidise species if the reaction is thermodynamically 
favourable. For instance, a semiconductor for water splitting 
needs to have a band gap that spans the reduction and 
oxidation potentials of water, namely +0.00 and –1.23 V 
(relative to a SHE) respectively. Such a system that uses a single 
semiconductor to split water is known as a conventional, or 
one-step, photocatalyst (Figure 7a).

Owing to the need for the semiconductor to be chemically 
stable under the required conditions and have a suitable band 
gap for light absorption in the visible region (which spans the 
reduction and oxidation potentials of water), there are not many 
materials that are suitable for use in a one-step photoexcitation 
system. This problem of suitability is illustrated with several 
metal oxides, especially those of d0 or d10 metal cations, such as 
titanium in TiO2 and gallium in Ga2O3 respectively. Such metals 
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Figure 7 (a) Single-step and (b) Z-scheme photocatalytic water splitting (where CB is the conduction band and VB is the valence band)
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often have valence bands that reach potentials around +3 V 
relative to SHE or beyond, so if the bottom of their conduction 
band is negative enough to reach that of the water reduction 
potential (0 V relative to SHE), their band gap is going to be +3 eV 
or more, which is no longer in the visible part of the spectrum 
but in the ultraviolet region.

Even when the band gap is appropriate, such as with cadmium 
sulfide or cadmium selenide, these photocatalysts are unstable 
for the production of oxygen from water because the sulfur and 
selenium ions are more susceptible to the oxidation reaction 
than the intended water. Single-step systems often rely on 
one photocatalyst being doped with another. For example, the 
photocatalyst (Ga1–xZnx)(N1–xOx) is a yellow-coloured powder 
(so absorbs in the visible range) that has little photocatalytic 
activity. However, when doped with a small amount of mixed 
ruthenium oxide and chromium oxide, it is able to function as 
a single-step photocatalyst for water splitting. 

Two steps forward
A more promising tactic is to use a two-step photoexcitation 
system as used in nature, known as a Z-scheme, where two 
different photocatalysts of different band gaps are used with a 
redox shuttle mediator acting between them (Figure 7b). This 
allows one catalyst to be selected for the water oxidation side of 
the reaction and another to be selected for the proton reduction 
part of the process, making the overall process much easier to 
achieve, and allowing one part of the process to be focused on at 

a time. The two photocatalysts can be separated by a membrane 
or porous filter that allows only the redox mediator to pass, 
meaning that the produced oxygen and hydrogen can be kept 
separate and collected individually.

An example of one of the most successful Z-scheme systems 
for artificial water splitting is shown in Figure 8, which uses a 
tungsten trioxide (WO3) photocatalyst modified with platinum 
(Pt) as the oxygen evolution photocatalysts and a zirconium 
oxide (ZrO2)/tantalum oxynitride (TaON) photocatalyst, 
also modified with platinum, as the hydrogen evolution 
photocatalyst. The ZrO2/TaON photocatalyst has a band gap of 
approximately 2.4 eV, so absorbs light best for photoexcitation 
with a wavelength of roughly 520 nm.

It was found that the combination of ZrO2 with TaON 
resulted in drastically better production of hydrogen from water 
than when just using TaON on its own. The TaON part of the 
catalyst is able to oxidise the redox mediator from I– to IO3

– 
very effectively, but is not active for the evolution of oxygen 
from water. Tungsten trioxide is well established as an oxygen 
evolving photocatalyst under visible light, having a band gap of 
2.7 eV, which corresponds to 459 nm. The added platinum helps 
to prevent recombination of the electrons and electron holes (h+) 
by providing sites for the electrons excited into the conduction 
band to accumulate at.

Where next?
As well as improving the efficiency of photocatalysed water 
splitting, research is ongoing into coupling this to the other part 
of the natural photosynthesis process: making a carbon-based 
fuel. Like with photosynthesis, the aim is to use carbon dioxide, 
which is continuously produced by respiration and combustion, 
and reduce this greenhouse gas to products such as methanoic 
acid (HCO2H) or carbon monoxide. The carbon monoxide could 
be combined with hydrogen to produce hydrocarbon fuels such 
as methane.
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Figure 8 Example of a successful Z-scheme system (where CB is the conduction band and VB is the valence band)

Emma Dux assists with inorganic research in the Department 
of Chemistry at the University of York and is a sub-editor for 
Chemistry Review.

1 Write a balanced equation for the redox reaction between protons 
and Fe2+. Remember that the charges have to be the same on both 
sides of the equation.
2 Write a balanced equation for the reaction between water and 
oxidised iron ions to produce oxygen, reduced iron and hydrogen.

Check your answers at  
www.hoddereducation.co.uk/chemistryreviewextras

ChemistryReviewExtras
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